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(54) Creep-resistant magnesium alloy die castings 

(57) A fannily of die castable, creep-resistant mag- 
nesium alloys has been developed for high-temperature 
structural applications such as automotive engines and 
transmission cases. These alloys contain between 3% 
and B% aluminum. 1.7% and 3.3% caldum, and up to 
0.2% strontium. They have demonstrated 23% greater 
tensile and compressive creep resistance than AE42, a 
commercial aluminum, rare-earth containing magne- 
sium alloy, and con-oslon resistance as good as AZ91 D. 
These alloys are estimated to cost less than A291 D and 
have good castability In metal molds as used in perma- 
nent mold-casting and die casting. 
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D scription 
TECHNICAL FIELD 

5 [0001] This invention pertains to the ale casting of creep-resistant magnesium alloys. More specifically, this inven- 
tion pertains to magnesium alloys that can be successfully cast as liquids into metal dies or molds and provide castings 
having creep resistance for relatively high temperature applications. 

BACKGROUND OF THE INVENTION 

10 

[0002] The use of magnesium to reduce weight in automobiles has grown approximately 20% annually since the 
early 1990s. Most of this growth has been with interior component applications and, at the present time, the only mag- 
nesium powertrain components in production are nonstructural and in relatively low-temperature applications. Vollcswa- 
gen used magnesium alloys AS41 A and AS21 (Mg-4%AI, 1 %Si and Mg-2%AI. 1%Si. respectively) in the 1970s to cast 
75 air-cooled engine blocks. Usage of these aik>ys ended when engine operating temperatures increased and the cost of 
magnesium increased. If the advantages cf magnesium are to be extended to current engines an6 automatic transmis- 
sion components, for example, several existing problems will have to be overcome. 

[0003] Four issues for the use of magr^esium permanent mold or die casting alloys in automotive powertrain com- 
ponents are: (1) creep (i.e., continued strain under stress). (2) cost, (3) castability and (4) con-osion. For example, the 

20 commercial die casting magnesium alloys (AZ91 D, containing aluminum, zinc and manganese; AM60 and AM50. both 
containing aluminum and manganese) currently used in the automobile are limited to near-room-temperature applica- 
tions because their mechanical properties c5ecrease at higher temperatures and they are susceptible to creep at pow- 
ertrain operating temperatures. AE42 is a rare earth element-containing magnesium die casting alloy (E designates 
mischmetal) that has creep resistance suf1^£»ent for automatic transmission operating temperatures (up to ISO^'C). but 

25 not engine temperatures (above 150*C). 

[0004] Some magnesium alloys formuSated for sand or permanent mold casting do provide good high-temperature 
properties and are used in aerospace and nuclear reactors. The high costs of exotic elements (Ag. Y. Zr and rare 
earths) used in these alloys prevent their L:se in automobiles. 

[0005] Cost is also a major barrier to ihe consideration of magnesium for powertrain components. However, the 
30 cost differential between magnesium alloys and aluminum or iron is not as great as anticipated when costs are com- 
pared on an equal-volume basis. On a per pound basis, magnesium is significantly more expensive than iron and alu- 
minum. However, when the density of the metals is considered and cost is adjusted to a per-unit volume basis, the cost 
differential is much less. Furthenmore, using the costs of magnesium alloys that are sometimes projected, the differen- 
tial per pound between magnesium and aluminum will be even less than the differential between aluminum and iron. 
35 Unfortunately, AE42 with Its rare earth content is more expensive than the low-temperature magnesium alloys, so cost 
of high-temperature strength magnesium alloys remains an issue. 

[0006] Castabinty has been an advantage of the current low-temperature magnesium alloys. These alloys are fluid 
and readily flow into and fill thin mold sections. In many of the non-powertrain appRcations. the conversion to Mg has 
enabled cost reduction by parts consolidation: casting complex parts rather than assembling many simpler parts. The 
40 excellent castability of these low-temperature magnesium alloys has also increased design flexibility and the use of thin- 
ner walls, both of which will be benefidai in powertrain components if the creep-resistant alloy has the same good 
castability. Unfortunately, AE42 and other proposed creep-resistant alloys do not have as good castabifity as AZ91 D, 
AM60 and AM50. For ecamp.le, some otherwise creep-resistant alloys tend to. weld or seize to a metal die or their cast- 
ings form cracks and must be rejected. 
■ 45 [0007] A fourth major concern for ma^esium components is their conosion behavior. This is because the power- 
train components will be exposed to road conditions and salt spray. Corrosion has been overcome in the low-tempera- 
ture alloys because their purity is carefully controlled and fastening techniques to prevent galvanic coupling have been 
established. Any powertrain alloy will need to have this same level of corrosion resistance. 

[0008] Thus, one can project creep resistance, cost, castability and conrosion resistance as the icey issues for a Mg 
50 alloy suitable for an internal combustion engine block or head or for a transmission case and then set requirements for 
the alloy that they will use, e.g.: 

.-^ 

• creep strength -20% greater than AE42 at 150®C ^ 

• cost, castablRty and corrosion resistance - equivalent to AZ91 D ^ , 

55 ' \ . ■ • 

[0009] There remains a need for a magnesium alloy that can be forced into a die as a liquid, or poured Into a per- 
manent mold, and solidified to yield a casting that provides creep strength and corrosion resistance. 
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SUMMARY OF THE INVEIsmON 



[0010] This invention provides a tenity of Mg-AKJa-X anoys (referred to hence as ACX alloys) that are suitahte for 
die casbngorpenrranent mow casting. The cast produce 

tures of 150-C and higher, e.g.. automotive powertrain components. The alloys of this inZSn^^T^^^^l^^Z 
?nd"»I. ''^'^ ^"'^ -""^^^^ CastiS produced frJ^ SiTaJSl d^TC 

[0011] As stated, the subject alloys are suited for use in casting operations genemlly whether conducted at low 
pr^ure. as in pemianent mold casting, or at high pressure as In die ca^ng. But L allojj Ire paSc^^/^bte ^ 

iZfif T 's 'ntroduced into a metal mold (a die) and cooled and subjected to squeezing or pressure aTthe mett ' 

Ik ''r*"'* T**" P'""*^"" ^^"9^ of complex shape, oft^ 2, 

wall portions, such as automobile and tn«* engine blocks and heads and transmfesion cases. 

?i to 3 ay ^lirt .^!L°i ^•^1°?' ^"'"^^ "'"P^««. ''y weight, about 3% to 6% aluminum, about 

I. 7% to 3.3^ cakAim. incidental amounts (e.g.. up to 0.35%) of manganese for controllinq iron content minimal 
Toe mll"°""'L^ present impurities such as Iron «0.004%): nickel «0.001%) and ^p^SosTa^d Se b™ 
ance magnesium. Each constitu ent may be varied within Its s pecified ranoe independent .iZ r-L... X -- 
^uoients. small amounts of silteon. e.g.. up to about 0.35% by weight, m^y also be suitably used TOs fe;;iiii''iJI 
magnesium, aluminum and calcium alloys satisfies the castability. <^ep reTbtance. corrosion reJfeteS 2^ 

iTed ;;:r?ri::""?'''"''"''"'""' ^'"^"^ <^9 ^^ns. L metaHur^i^rcro^t^irch^iS 

II. ^ ? °^ ^ magnesium-rich matrix phase with an entrained or grain boundao. Phase of (Mg An,Ca hSw- 

tooisro^Sd^firr'vr^^^^ 

to 0.15 ^. provides a signifk»nt improvement in the creep-resistant properties of the alloys esoeclallv at 9nnn^=«„„ 
temperatures of ISO-C to 175-C and higher. This property of the subjert Mg-AI Ca-lr 2^ eS'^S 
composifonsto retain utility after hundreds of hou,^ of exposure to suih temjeretures. ^ ^ 

SSlh foiio^n^^ and adwntages of the subject im^ention will become more obvious from a detailed description 
which follows. Reference will be had to the drawings which are described in the following section. "^P*""" 

30 BRIEF DESCRIPTION OF THE DRAWINGS 
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[0014] 



a ur^ of 1 50-^1 75 c and T (5%)-cateium (2%) alloys at constant temper- 

s'!! V ■ I under constant loads of 12 ksi, 1 0 ksi and 8 ksi. respectively, 

mfon -if* AC.?* ^"^^ «^ '^enfion of die cast commerolal aluminum all<y 380 commercial 
Figure 3 IS a graph of the compressive stress retention of die cast commeroral aluminum allov aao eo™«»,^c.i 
750 hours compressive stress retention of variously cast ACX alloys at 1 5o4 and 175-C for 

Si"m.^ifi,^r^'*'' of castabinty ratings (with respect to misrun. cold shut and staining) tor AM50. acommer- 
Sure 6 rj tl considered to have very good casting properties. AC51 alloy and various ACX aW 

Sio^/^J a'Sr^' "^'"^ "^"^ ^ ^^"9 ""'^ '"^9) for AM50 alloy. AC51 aOoy and 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

i«!.fLH ^"'agnesium die casting alloy AE42. containing about 4% aluminum and 2% mischmetal was 

tTSlTZ"^ having suitable creep resistance tor automatic traiLnission appRcatio,^ ^wbe^ertT^^ 

p%"rreir^:i,srs^-^^ 

^ ertraS acJZT.T^'^' orcompressive stress, is a major requirement for use of Mg alloys in pow- 

sfo^a ZiS^T^^ I'T^' undercompressive load is necessary in order to maintain bolt torq'ue ^d Sn- 

SiSrSS^taZl^ . T "^^"^ "P*'^*'""- ^ '^'^^P *^ 'developed by the isignee oTZ 

invention that simulates the damp toad that a magnesium flange will experience in a bolted assembly. SieHl E G 
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Velazquez, J. J., and Kabri, K., 'Compressive Stress Retention Characteristics of High Pressure Die Casting Magne* 
sium Alloys/ SAE Technical PubHcation No. 960421 (1996). A magnesium alloy CSR square block sample is sand- 
wiched between washers and nuts on a threaded steel rod fitted through a cast hole in the Mg sample block. Load is 
applied to the sample by tightening the nuts at the ends of the bolt The clamp load (compressive stress) can be deter* 
5 mined by measuring the stretch of the steel rod. The sample is loaded to the desired compressive stress and placed in 
a constant temperature bath for up to 750 to 1 000 hours. Of course, as the sample yields under the load (i.e.. creeps), 
the steel rod becomes shorter. 

[001 7] Microstructure analysis of die cast CSR specimens of AE42 revealed a correlation between the creep resist- 
ance In compressive stress retention and the after-test microstructure. The microstructure of the die-cast specimens 
10 consisted essentially of magnesium dendrites with a lamellar interdendritic phase of Al^ i E3. The lamellar Al^ ^ E3 phase 
dominated the mterostructure of the CSR samples. 
[0018] Above 150°C, the creep resistance deteriorated. ^ 

[001 9] It was shown that the breakdown in the creep resistance of AE42 above 150<*C is accompanied by a phase 
change in the microstructure of this alloy; specifically, the decomposition of AI^-jEs and the formation of AI2E and 

15 Mgi7Ali2- Mgi7A^2 a low-melting-temperature phase that is present in commercial alloys AZ91D, AM60. and AM50 
and to which is attributed the poor creep behavior of these alloys. These results suggested that increasing the thermal 
stability of Al^ E3 might be a means for extending tiie creep resistance of AE42 to above 150**C. It also suggested the 
possibility of developing lower cost creep-resistant alloys by replacing the rare earth in AE42 with a less expensive ele- 
ment that also forms an Al^^ Es-type strengthening phase. 

20 [0020] Alj 1 Ea-type phases have been reported in Al-alkaline earth (Ca, Sr, and Ba) compounds. Of the three alka- 
line earths, calcium is the least expensive on a cost per pound basis. It also has the lowest density and atomic weight, 
such that the 'cost per atom of Ca* is signmcantiy less than that of Sr or Ba For these reasons, Ca was selected for this 
study. Strontium and silicon were included In the study as possible fourth-element additions for modifying precipitates 
and further improving the alloy. 

25 [0021] Previous work has reported that Ca imparts creep resistance to Mg-Al alloys, but it was also reported that 
the resulting alloys are difficult to cast because the castings sttekto the die and are prone to hot cracking. Some workers 
prevented die sticking and hot cracking by limiting the Ca level to below 0.5%. These casting problems were also 
reduced by the addition of zinc, but the resulting alloy achieved the satisfactory creep resistance only up to ISO^'C. 
[0022] A group of magnesium-aluminum-calcium based alloys were prepared to overcome the deficiencies of prior 

30 art alloys. 

EXPERIMENTAL PROCEDURE 

Comppgition Ranges and Melt Preparation 

35 

[0023] The alloys were cold chamber die cast. The compositions cast are shown in Table 1 . The metals used in 
alloying were AM50, Mg, Al, Ca. Sr (as SrIO-AI). and Si (as AS41 alloy containing aljout 1% Si). Recovery was greater 
than 95%. Although not reported in the table, each alloy also contained up to about 0.3% by weight manganese and 
very small amounts of iron, nickel and copper. 

40 . 



Table 1 A 



Magnesium Alloy Compositions (weight percent) 


Alloy 


Designation 


Chemical Composition (wt%) 






AI 


Ca 


SI 


Sr 


A 


AM50 


4.7 








B 


AC52 


4.5 


1.9 






C 


AC53 


4.5 


3.0 






D 


AC53+0.3%Si 


4.5 


2.9 


0.26 




E 


AC53+0.3%Si+0.1%Sr 


5.4 


2.9 


0.27 


0.11 


F 


AC53^.3%Si40.15%Sr 


5.7 


3.0 


0.28 


0.15 


G 


AC53+0.03%Sr 


4.7 


3.1 




0.03 


H 


AC53+0.07%Sr 


5.0 


3.1 




0.07 
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Magnesium Alloy Compos'rtions (weight percent) 


All y 


Designation 


Chemical Composition (wt%) 






Al 


Ca 


Si 


Sr 


1 


AC53+0.16%Sr 


5.7 


3.1 




0.15 


K 


AC52+0.1Sr 


4.5 


1.9 




0.1 


L 


AC62+0.2Sr 


6.0 


2.1 




0.2 


Melting and alloying was done with 


SFg cover gas. 







30 



Die Design and Casting r.nnri^ffn^ 

100Z41 The first die insert made for these new and previousV uncast alloys contained four caviUes- one 12 mm 
diametertenslle ba, one 6 mm-diameter tensile bar. and two 38 mm. square cimpreSh^ J^^^on ^Vr, ^ 
pons. 12 and 6 mm thicic.^ec5velyjn^^ 

(350^,^ ;n,e Changes ,n ■>^^nZZ'!ctZro!Z^^^^^^^ ^f^^^^^ . 

reported m this work were measured on the second group of samples cast ^ properties 

[0K6] in the third set of casting trials, a notebook computer case was cast using the magnesium alloys shown 



Table IB 





Ms 


ignesium Alloy Compositions (wL%) Used In Castability Study 


Alloy 


Aj 


Ca 


Sr 


Mn 


Fe 


Ni 


Cu 


*AM50 


4.4 


<0.01 


<0.0005 


0.25 


<0.002 


<0.002 


<0.003 


•AC51 


4.6 


0.87 


<0.0006 


0.28 


0.002 


<0.002 


<0.003 


•AC52 


4.5 


1.7 


0.0006 


0.30 


0.002 


<0.002 


<0,003 


*AC53 


4.4 


2.6 


0.0008 


0.30 


0.002 


<0.002 


<0.003 


*AC53 
+0.1 Sr 


5.2 


2.6 


0.09 


0.29 


0.004 


<0.002 


. <p.003 


•AC63 + 

0.2Sr 


5.9 


2.5 


0.17 


0.29 


0.005 


<0.002 


<0.003 


» nese compositions (alloys identified by the • in front of each alloy to dU 
were alloyed in the melt, as before. The noteboolc computer case was d( 
fied to cast AZ91 D. Without further changing the part design or that of th 
were cast from alloys at a melt temperature of between 1250*F (677«C) 


rtinguish them 
^signed for alu 
B gate and run 
Emd1290*»F (6i 


from the alloys 
minum but son 
ler system in t 
39»C). 


i in Table 1A) 
lewhat modi- 
he die, cases 
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Specimen Ant^^\^ 



Son sp^eS^«S;AE« ? I^S^ f^nf^"^ 'T"'^"'''" "^'"^ '"''"^^^ -"^'^-^ plesma/atomfc 
speciroscoiy (ICP/AES). X-iay diffraction (XRD was used to identify phases in the mii 

parameters and we.gmpe««nt of were calculated using the Rietveld id. Additionrmic^^^^ 



microstructure. The lattice 
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was done using analytical electron microscopy with energy dispersive spectroscopy and electron diffraction (AEM). The 
AEM samples were prepared t>y ion milling. 

Creep Tfigtlng 

5 

[0028] Creep strength is the stress required to produce a certain amount of creep at a specific time and a given 
temperature. It is a creep parameter often required by design engineers for evaluating the load-carrying ability of a 
material for limited creep deformation in prolonged time periods. It is a common practice to report creep strength as the 
stress that produces 0.1 % total creep extension at 100 hours and a given temperature. This and other creep data for 

10 magnesium alloys of the subject invention are reported below. 

[0029] Tensile creep testing was done at 150«C, ITS^'C, and 200^*0. Samples for each test were selected on the 
basis of casting quality as determined by X-ray Inspection. Threads were machined into the grip regions of the 6-nrvn 
diameter tensile bars so that they could be held in the test fisctures. Tensile creep testing was done under constant-load, 
constant-temperature conditions. Total creep extension in 100 h at the test temperature was recorded as were the pri- 

15 mary and secondary regions of the creep curves. 

[0030] Compressive creep was characterized by compressive stress retention (CSR) measurements at 150'C and 
ITS^'C. CSR simulates the bolt load retention perfomnance of the alloy and is a critical functional test for a powertrain 
component with regard to the integrity of the parts that are bolted to the component ^ 

20 Corrosion Behavior 

[0031] CSR samples were evaluated using an accelerated laboratory corrosion test employing a combination of 
cyclic conditions (salt solution, various temperatures, humidity, and ambient environment) to simulate the equivalent of 
ten years' con-osion exposure for some metal systems (General Motors test GM 9540P). It was concluded that this test 
25 would serve as the basis for comparing the corrosion behavior of the ACX alloys with AZ91 D. 

Castabilitv Ratings 

[0032] The castings were inspected visually and by X-ray. Some parts were sectioned to confirm the defect type; 
30 e.g., hot cracldng versus cold cracking. Each defect present was assigned a level of severity ranging from 0 (mosit 
severe) to 5 (the defect was absent). 

RESULTS AND DISCUSSION 

35 Tensile Creep Behavior - 

[0033] Rgure 1 is a typical creep strain vs. time curve obtained from the constant-load and constant-temperature 
test for alloy AC52. As shown in Rgure 1, total creep exter^lon (Ct ) measures the total time-dependent strain (creep 
strain) of a material under constant load at a given temperature for a spedfic time period and is the most frequently 
40 used parameter in the nterature for reporting creep properties for magnesium alloys. Figure 1 also shows that AC52 
alloy, as most other metals and alloys exhibits two stages of creep, i.e., primary or transient creep, and secondary or 
steady state creep. The primary and secondary creep strains (ei and Eg, respectively) for the subject alloys can be 
described by the following equations: 

45 E, = at'' 

E2sC-Hft 

where t is time; and a, b, c and d are constants. Among these four constants, d represents the secondary creep rate 
so . and is the most important design parameter derived from the creep curve. Both E| and d cteta are reported for the sub- 
ject alloys in the following Table 2. Table 3 reports the tensile creep strength at 175**C. 



55 
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> Table 2 



5 






Total Creep Extension and Secondary Creep Rate Data 




Alloy 


Designation 


Total Creep Extention, £| (%) 


Secondary Creep Rate, d (xlO"" S"^) 








ISO'^C 12lcsi 


175«C10ksi 


200"C 6 ksi 


150«»C12ksi 


175°C 10 ksi 


200**C 8 kci 




A 


AE42 


0.11 


0.12 


. - 


9.85 


14.52 




10 


B 


AC52 


0.05 


0.06 


0.26 


4.86 


6.95 


34.30 




C 


AC53 


0.07 


0.09 


0.28 


6.94 . 


8.64 


56.40 




D 


AC53+0.3Si 


0.06 


0.07 


0.25 


6.94 


13.88 


33.28 


15 


e: 


AC53+0.3Si+0. 
ISr 


0.03 


0.07 


0.18 


4.63 


6.94 


22.24 


20 


F 


-AC534O.3SVf0i - 
15Sr 


0.05 


0.06 


0.14 


7.29 


9.90 


18.90 




G 


AC53+O.03Sr 


0.06 


0.06 


0.28 


9.26 


12.35 


54.49 




H 


AC53+0.07Sr 


0.05 


0.06 


0.20 


5.79 


9.26 


18.53 


25 


1 


Acii+aiiisr 


0.04 


0.08 


0.16 


3.70 


5.56 


11.11 




K 


AC52+0JSr 


0.04 


0.05 


0.21 


6.94 


7.50 


28.64 




L 


AC62+0.2Sr 


0.06 


0.08 


0.19 


7.28 


10.42 


34.72 



35 . 



Table 3 







Creep Strength at 175*C 
(Stress to Produce 0. 1 % Creep Strain in 1 00 Hours) 


Alloy 


AZ91D 


AS41 


AS21 


AE42 


AC52 


AC53 


Alloy E 


Alloy 1 


AA380 


ksi 


1.4 


1.9 


4.6 


7.2 


10.8 


10.6 


11.9 


11.9 


13.4 
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[o AeL ^n^thrr.^" of the above tables, each ACX ahoy provided increased tensfle creep strength as compared 
to AE42 and the AS alloys. Each new alloy had at least 20% greater creep strength than AE42 at 1 50«c Th?o ^/ 

iSO-ctrbfll'^S^^ rZr".'^ e^ensio^t S2 a't .ol of 9 < 2 and al 

TJa 71 thlThith^t o, ap*!, ° ^! (28% greater load), the creep strain of the ACX alloys averages 

0.05 ^ less than half that of AE42 speciniens. At 175°C. the ACX alloys are nearly 50% better than AE42 There Is an 
SSlM '''^^^n *«i'?*™«"«Vln9 with rpor^ than about O.V5% Sr fu7her Improvesle aS^«siS^ W 
the effect is very smafl. The Bmited data obtained for Si shows no significant effect creep-resistant but 

Compres sive Creep Behavior 

Arv L?Z ^ . u «^««'"'>led engine. As measured by compressive stress retention (CSR) the 

StcKmrn^i'n^rb^^^^^^ 

(Stretch) remaining in the bolted sample as a function of the time of exposure up to 750 hrs at the indicated temoerature 

to a^i «ii hlJ «? v""'^ '^^"^ '"t'^' «hile the ACX alloys CSR ranged from 68% 

IZt'^ E !1 1^ 11"^' "^'^ '"PP*" considerably, to 40%. TT,is'is due to thelZ^st 

ton of AI„E3 with the subsequent fomr«tion of Mg,7Al,2. The ACX alloys do not demonstrate the same deterioration 
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with increasing temperature. They retain n arty as much load as they did at 150°C. 65% vs, 72%. As with the tensile 
creep results, the addition of Sr appears to further improve creep resistance but the effect is much more evident in the 
CSR results. In fact, the Sr-microalloyed AC53 samples performed almost as well as the commercial aluminum casting 
alloy. A380. 

5 [0037] Figure 4 summarizes CSR test results for 750 hours for AC53 alloy when sand cast and die cast Also sum- 
marized IS CSR data for AC53 -i-0.5Si alloy cast in a permanent mold as well as data for AC53 -lO.SSi-fO.I Sr alloy when 
die cast. These results suggest that that ACX alloys prepared by sand or permanent mold casting processes have sim- 
ilar creep resistance as that of the die cast alloys. 

10 Corrosion Behavior 

[0038] The ACX alloys have excellent creep resistance for use in engine and transmission applications. Another 
major performance concem Is their corrosion behavior. The subject ACX alloys are herein compared with AZ91 D as the 
benchmark in a ten-year equivalent accelerated conx>sion test The data is summarized in the following Table 4. 



Table 4 



Percent Weight Loss of Magnesium Test 
Coupons in a Cyclic Salt Spray Corrosion 
Test 


Alloy ComposfOon 


(%IOS8) 


AZ91D 


0.4 


AM50 


0.7 


AC52 


1.5 


AC53 


2.1 


AC53 + 0.3 Si 


1.6 


AC53 + 0.3 Si + O.IOSr 


1.0 


AC53+0.3 Si + 0.14Sr 


1.0 


AC53 + 0.02Sr 


0.8 


AC53 0.05 Sr 


0.6 


AC53+0.10Sr 


0.5 



. [0039] Table 4 shows that the ACX alloys microalloyed with Sr perfonm as well as AZ91D. Over two independent 
40 test series, the A291 D averaged 0.5% weight loss. AM50 did nearly as well as A291D. The ACX alloys with X ranging 
from 0.05% to 0.1% Sr also achieved this level of corrosion resistance. The data shov\^ that increasing Sr levels 
improved the con-osion resistance and the SI appeared to be detrimental. The effect of 2% vs. 3% Ca is not clear 
because there was more scatter in the individual results. Eaich reported value in each series was generally the average 
of three samples. 

45 [0040] Other data in the corrosion tests reaffirm a lesson that has been learned about the effect of iron content on 
the corrosion rate of Mg. Iron, like Ni and Cu, substantially increases the con-oston rate of AZ and AM alloys. A key to 
minimizing corrosion of magnesium Is to minimize the presence of Iron, nickel, and copper. 

Microstructure and Casting Characterization 

50 

[0041] In an eariy phase of this study, the Mg-Al-Ca ternary was surveyed for microstructural features by drawing 
pin samples from a Mg^ % Al melt after successive additions of Ca to the melt Pin samples were collected by vacuum 
suctioning from the melt into a 5 mm diameter glass tube. Below 1 % Ca, only a-Mg was identlTied in the XRD pattern. 
At and above 1 % Ca. a second phase was also Identified, Mg2Ca, the amount increasing as the Ca level in the melt 
55 was increased. Observed lattice parameter shifts are consistent wit substitution of Al on Mg sites. (Mg. AI)2Ca, in this 
phase. As the Ca content of the melt increased, the lattice parameter shifted in the direction of lower substitution, i.e., 
less Al in the phase. However, at the same time, the amount of this phase increased from zero to neariy 20%. This 
would result In a shifting of Al from the primary Mg to the Mg-AI-Ca ternary. 
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[0042] Correspondingly, as the Ca content increased and the amount of o-Mg decreased from 1 00% to bov «,« 
Mg^hase also underwem a Change in «s latdce parameter 

KLir^^t^^'^J"**""^-^"'' "''^^ '"^S" ^ ^'^'^^'y ^^9^ '"«»"S P«'"t (715-C). Indicating a good ther- 

t^roja 1 M^^^^^ sa^e^ysta. structure (hexagonal) as the magnesium matrix wit}, a smi'l. latS S % 
^hV2ni ^J^^M ^'aI^^?. ^ ^^^'^"^ the themial stabifrty and the interf^^ 

r0044] No other phases were identified, and no evidence of AUCa or Mg^^AI,^ was detected. However these 

.f r.*"*!" "^""^^ the ternary lamella in the eutectic regions ome 

S^u?rnlTr 9°"^' ^92Ca phase structure with approximately half of the Mg atoms replJSd w^ 

thttl r1^- «T T "^"^^^^^ ^9,7Ali2. TOs and the absence of Al soRd solution in a-Mg indi- 

M? A? Irf^! ^'^ri^ functionally removing Al from the afloy and preventing the formaL ^ ' 

Mgi7Ali2. thereby acoourrtingfbrthe Improved creep resistance. ' » niauuii oi 

Castabllltv anri nne Hno Ounnty 

'''^'^..^"^y* «'«»"ent creep resistance, corrosion resistance, and tensile proper- 

r^fs'^n :2rnr;:,"u3enr ' ^ "'^ ''^ ^ ^ AZSia'cS- 

k'" ""f^"^ experience to date, with the ACX alloys, they have shown excellent castability Even thouah 
11^,^^^ "^'"^ """P'" P"^" " ♦^"^"^ "^-^ compressive stress retention LmZ 

^fll^r^n^r °f ^"='' ^^t^'l-ty parameters as die sticking, hot craclcing. and fluidity (a m^^Slf 

the ability to fin thin sections of the die). Die sticking was limited to alloy compositions where Ca wasTow ^d^W not 

dlS.?H tH » If ^^"^^"^ ^'^'^ ^""^ '='«*'"9- Occasionally, centeriine pTro^lSn^ 

ereS sound ' *^ '"""^'"^ temperature. OtheLe. casting were g^ 

t0047] With respect to the castabifity of the alloy in the computer case die. several defect types were idemified 
WI^He many Of the defects would be eliminated by changes in the part design, the gating and ruming ^Tem deSJ" 

shu^^SoSrLtr ^''l''** '^"^^ «^ to composition. In Srticular.^W 

!L^r;?he:?2S:Sfd to'^^J'^^^^^ f^^' ^^•"'^""^ '"^''^ *'> ««« a'become r^re 

severe wnen 1 ^ Ca is added to AM50. Of course. AM50 is an alloy that Is recognized as a good die castino or Derma 

Zr wH. r""' '"^'^'^ *° ~2-Z the defecs'diminish. T^se^uTZl n^Zt . 

rnnV^- «n P«v.ous casting trials In which only tensile and creep specimens were cast In the c^oTr^bls Sfd 
shnnkage^^ alloying with Ca (wrth or witt,out Sr) has less effect The optimum level of Ca is apprexSr 2% This 1^1 
IS also optimum or creep and corrosion resistance. Whereas Sr has been shown to be benSS anS J,^ • 
sion resistance, its effect on casting defects is negligible. oenenciai ror creep and conT>- 

[0048] On the basis of these experiments. It was concluded that the castabmty of these allovs for small nart« ■= 
excellent, at least as good as that of A291D and that for the W^^^^^ 

vlndllT " '^^ "^'^ ^ the notebook citlng^ate Jth^u^E 

<s ^^?r^''rr^r*.''*"'^'"^^ althoughthe 
S!^r Lm,^^! rp^ilT"^" *^ ^ ^^■"'c embodiments. It will be appreciated that 
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Claims 
1. 



55 2. 



3. 



LTtpr«no!! "^^^^I ^ creep-reslstant magnesium alloy casting in a metal mold comprising filling said mold with a 
up to 0.35% manganese, and magnesium and soHdifylng said alloy in said mold. ^ronuum. 

^i^rs^enlT^^^^^^ ^^'"S as recited in daim 1 in which said molten alloy con- 

srsts essentially, by weight, of 3 % to 6% aluminum. 2% to 3% calcium. 0.05% to 0.1 5% strontium, and magnesium. 

A method of maldng a creep-resistant magnesium alloy casting as recited in claim 2 in which said casting com- 
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piises a (Mg, Al)2Ca phase. 

4. A method of making a creep-resistant magnesium alloy casting as recited in claim 1 in which said molten alloy com- 
prises, by weight. 3% to 6% aluminunn, 1.7% to 3.3% calcium, 0.01% to 0.2% strontium, 0% to 0.3S% silicon, less 

5 than 0.35% manganese, less than 0.004% iron, less than 0.001% nickel, less than 0.08% copper and the balance, 

except for inconsequential impurities, magnesium. 

5. A method of making a creep-resistant magnesium alloy casting as recited in claim 4 in which said alloy comprises 
0.05% to 0.15% strontium. 

TO 

6. A method of making a creep-resistant magnesium alloy casting as recited in claim 4 in which said alloy comprises 
a (Mg, Al)2Ca phase. 

7. A method of making a creep-resistant magnesium alloy casting comprising forcing a molten magnesium alloy Into 
IS a die cavity, coofing the alloy in the cavity to solidify it into said casting and subjecting the molten alloy to pressure 

during such cooling and solidification, said alloy having a composition comprising, by weight. 3% to 6% aluminum, 
1.7% to 3.3% calcium. 0% to 0.2% strontium, 0% to 0.35% silicon, 0.1% to 0.35% manganese, less than 0.004% 
iron, less than 0.001% nickel, less than 0.08% copper and the balance, except for inconsequential impurities, mag- 
nesium. 

20 

8. A method of making a creep-resistant magnesium alloy casting as recited in claim 7 in which said alloy comprises 
0.05% to 0.1 5% strontium. 

9. A method of making a creep-resistant magnesium alloy casting as recited in claim 7 in which said casting com- 
25 prises a (Mg. AI}2Ca phase. 

10. A creep-resistant magnesium alloy pressure casting produced by forcing a molten magnesium alloy into a metal die 
cavity, cooling the alloy in the cavity to solidify it into said casting and subjecting the molten alloy to pressure during 
such cooling and solidification, said alloy having a composition comprising, by weight, 3% to 6% aluminum, 1.7% 

30 to 3.3% cateium, 0% to 0.2% strontium, 0% to 0.35% silicon, less than 0.35% manganese, less than 0.004% iron, 
less than 0.001 % ntekel, less than 0.08% copper and the balance, except for inconsequential impurities, magne- 
sium. 

11. A creep-resistant magnesium alloy pressure casting as recited in daim 10 comprising 0.05 toO.15% strontium. 

35 

12. A creep-resistant magnesium alloy casting as recited in claim 10 further comprising a (Mg,AI)2Ca phase. 

13. A creep-resistant magnesium alloy pressure casting produced by pouring a molten magnesium alloy into a metal 
mold cavity and cooling the alloy in the cavity to solidify it into said casting, said alloy having a composition com- 

40 prising, by weight, 3% to 6% aluminum. 1.7% to 3.3% caldum, 0% to 0.2% strontium, 0% to 0.35% siFicon. less 
than 0.35% manganese, less than 0.004% iron, less than 0.001 % nickel, less than 0.08% copper and the balance, 
except for inconsequential impurities, magnesium. 

14. A creep-resistant magnesium alloy casting as recited in claim 13 comprising 0.05% to 0.15% strontium. 

45 

15. A creep-resistant magnesium alloy casting as recited in claim 13 comprising a (Mg, AI)2Ca phase. 
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